SUMMARY Optical surface scanning technologies produce dense three-dimensional (3D) data sets, which allow detailed analysis of surface morphology. This paper describes a method of analysing change in facial shape independently of change in size. The 3D data from three male subjects from the age of 6-21 years were recorded using an optical surface scanner. A series of 22 conventional landmarks were located with the aid of horizontal and vertical profiles across the face, and were analysed using geometric morphometrics. The 3D landmark co-ordinates were scaled and aligned using Generalized Procrustes Analysis (GPA) and analysed by Principal Component Analysis (PCA) to determine the shape change over the growth period for each individual.
Introduction
Until recently, the growth of the face and jaws has been monitored using direct clinical measurement (Farkas, 1994) and, more frequently, using lateral skull radiographs (Broadbent et al., 1975; Popovich and Thompson, 1977) . All these investigations have measured the face and jaws in two dimensions (2D), but the face is a threedimensional (3D) object and, therefore, needs to be measured in 3D.
There is considerable variation in the timing of growth in different individuals, and this varies with the age, sex, and ethnicity of the individual. The growth of an individual may be followed longitudinally and take many years. Crosssectional growth studies of the normal population may also be undertaken provided that the numbers of individuals are sufficient. Often there is a benefit in being able to make comparisons between groups, rather than following changes in an individual normal face. There are, however, considerable differences between individuals in any ethnic groups.
The study of 3D facial growth presents two major problems. First, 3D data must be acquired and, second, analytical methods must be developed that allow the major features of the growth vectors to be established in a way that is both mathematically sound and readily interpreted. This paper describes the analysis of growth of the face in 3D using a system of optical surface scanning to obtain the data and a 3D landmark analysis that addresses the following questions: what is variation in size with age, shape with age, shape with size (allometry) and are these the same for each individual?
Materials
Three male Caucasian subjects were studied. All gave informed consent for participation in this study.
In subject A, the face was recorded from the age of 6-22 years. The facial shape was first recorded using conventional plaster casts and these were later digitized using a 3D surface scanner. Figure 1 illustrates scans of this subject at the ages of 6 and 22 years.
Subjects B and C (who are brothers) were recorded by surface scanning from the ages of 10-18 and 9-19, respectively.
Methods

Optical surface scanning
Surface co-ordinates were recorded by a conventional optical surface scanner, a noncontact optical technique which records 40,000 3D co-ordinate points in less than 10 seconds, with an accuracy of ~0.5 mm and a radial resolution of ~0.2 mm. The scanner, which was 
developed at University College London, has been extensively applied to the study of facial shape (Moss et al., 1989) and its performance independently evaluated (Aung et al., 1995) .
Landmark extraction
Landmarks can be assigned to three categories (Bookstein, 1991) . Type 1 landmarks are characterized by the juxtaposition or intersection of tissues, Type 2 landmarks are points of extremity of local curvature, typically points of maximum curvature, and Type 3 landmarks are extremal points, often defined with respect to an external co-ordinate system. In some cases, landmarks can be a mixture of types.
To aid the location of some landmarks, the local surface properties at each recorded point on the face were calculated via a surface fitting method (Coombes et al., 1991; Hennessy et al., 1998; Jackson et al., 1999) . The following quantities were used: Gaussian curvature, which measures the internal curvature; curvedness that measures the total curvature; shape index that varies from 0 (spherical cup) through 0.5 (symmetric saddle) to 1 (spherical cap). The variation in these quantities over the facial surface was examined by plotting their values as horizontal and vertical profiles through points of interest.
In this study the landmarks were categorized into three groups.
1. Conventional landmarks, as defined by Farkas (1994) , were located with the aid of vertical and horizontal profiles. These landmarks, along with their types in brackets were: alar crest (1), subnasale (1), columella breakpoint (3), alare (3), inner canthus (2), outer canthus (2), cheilion (1), labiale superius (1 and 2), labiale inferius (1 and 2), stomion (1), and crista philtri (1 and 2). 2. One conventional Type 2 landmark, soft tissue nasion, defined as the point of maximum concavity and maximum convexity on the bridge of the nose, was located as the point of minimum shape index, i.e. the point where the local surface most closely approaches the symmetric saddle shape.
3. Some type 3 landmarks as defined by Farkas (1994) were redefined as type 2 landmarks using calculated surface properties. Pronasale was located as the point of maximum total curvature on the tip of the nose. Pogonion was located as the point of maximum Gaussian curvature on the anterior aspect of the chin and sublabiale was located as the extremal point of Gaussian curvature under the lower lip, i.e. the point where the surface is most creased.
These 22 landmarks are shown in Figure 2 .
Analysis of size and shape
The approach taken in this investigation, that is geometric morphometrics, follows the method described by O'Higgins and Jones (1998) in their analysis of craniofacial growth of the Old World monkey Sooty mangabee. That was based on 31 cranial landmarks which were considered to be developmentally homologous. The distinguishing feature of geometric morphometrics is that the co-ordinates of the landmarks are statistically analysed, after scaling and alignment, rather than inter-landmark distances. This has the advantage that the results of statistical analyses can be visualized as deformations of landmark configurations and the sensitivity is greater since more shape information is analysed. 3D landmark co-ordinates were scaled and aligned via Generalized Procrustes Analysis (GPA). GPA first converts the landmark sets to unit size and produces a size measure (centroid size) for each specimen. The configurations are then superimposed via rotation and translation, and a mean shape (the Procrustes mean) is calculated. The displacements of each landmark from the Procrustes mean (the Procrustes residuals) are calculated and these are the input to statistical analysis.
The GPA was carried out using the program Applied Procrustes Software (APS, Penin 1999) and the Procrustes residuals were checked against the results from the program Generalized Rotational Fit in N dimensions (GRF-ND; Slice 1993).
The residuals were then analysed by principal component analysis (PCA) to determine the dominant shape change over the growth period for each subject. PCA was carried out by the APS program. The Procrustes residuals were also exported to SPSS (1997) , and the PCA was repeated both to check the APS result and to allow further analysis. The APS program was finally used to visualize the shape change associated with the principal components.
The procedure was carried out separately for subject A (11 datasets), subject B (11 datasets), and subject C (5 datasets).
Results
Reproducibility
The effect of landmark imprecision on the plots of principal component 1 (PC-1) versus age was investigated for subject A in a reproducibility study. The landmarks were re-identified and recorded for one scan (aged 20 years) on six additional occasions by the same investigator several months after the original landmark placing. Each new set of landmarks was subsituted for the original data and the PCA was recalculated. PCA and the extra 6 PCAs plotted against age. It can be seen that the PC-1 scores at each age were affected by variability in landmark placement at age 20 years. The variation in PC-1 scores at each age was much less than the variation in PC-1 scores with age. The age variation of PC-1 scores was therefore not excessively disturbed by imprecision in landmark location. Figure 4 shows centroid size plotted against age for all three subjects. For subject A centroid size attained a steady value at approximately 16 years, for subject B size attained a plateau at about 17 years, and for subject C size was still increasing at about 19 years. 
Size versus age
Shape versus age
The correlations of the first three PC scores with age for all subjects were statistically tested by calculating the Pearson correlation coefficient. In all cases, highly significant correlations were found with PC-1 (Table 1) , but not with the other PCs. Table 2 shows the percentages of total variance explained by the first 5 PCs. Figures 5,  6 , and 7 show plots of PC-1 score versus age. The striking correlation with PC-1 score is immediately evident in each case. Since this is the only PC showing correlation with age and as it encompasses approximately 40 per cent of the total variance, PC-1 provides a good description of age-related shape change in each subject.
Closer examination of the plots of PC-1 versus age reveals that, while all increase smoothly with age, differences are apparent particularly at greater ages. This is most clear when comparing subjects A and B for which there are most data points. Visual inspection of the plot for subject A shows a linear increase over the age range 8-21 years, which is also indicated by the Pearson correlation coefficient of 0.95. For subject B, the plot appears to reach a plateau by the age of approximately 16 and this non-linearity is confirmed by the lower Pearson correlation coefficient value of 0.88. For subject C, both visual inspection and the high Pearson correlation coefficient (0.97) indicate a linear relationship over the age range 14-20 years.
The geometric meaning of PC-1 can be revealed by computer graphic techniques, which show how the configuration of landmarks changes in different regions of principal component space. The program APS plots the Procrustes mean co-ordinates and allows the points to be joined up to enhance the intelligibility of the display. The points are then displaced to represent movement along a PC so that the shape change can be inspected. This facility was used, together with varying the scale and the viewpoint, to gain an understanding of the shape change associated with PC-1. To illustrate the results Figures 5, 6 and 7 show anterior and side views of the Procrustes mean configuration aligned in the standard head position with the configuration representing movement either way along PC-1 superimposed.
Careful inspection of the graphics allowed the main characteristics of the shape change to be distinguished. They are described below and are also discernible from Figures 5-7. The movement of landmarks is described with respect to the Procrustes mean and the landmarks are orientated in the natural head position.
For subject A, Figure 5 , the upper facial landmarks all moved backwards, the nasion 280 R. J. HENNESSY AND J. P. MOSS For subject B, Figure 6 , in the upper face nasion moved strongly upwards, while inner and outer canthii both moved together and backwards. The nasal landmarks were dominated by forward and downward movement of the nose tip. The alar crests moved back and down, alares moved back and laterally, and subnasale down. There was some movement of the mouth landmarks with cheilion moving backwards and the lower lip down. The labiomental fold and pogonion both moved forward.
For subject C, Figure 7 , in the upper face, inner and outer canthii moved medially. For the nose, the forward landmarks all moved forward and down, while the alar crests moved back and the alares moved down. There was considerable movement of the mouth landmarks, with the upper lip and corners moving up and back, the lower lip down and strongly forwards. Labiomental fold and pogonion also moved strongly forwards with pogonion also moving down. 
Shape versus size
Figures 5, 6 and 7 shows PC-1 scores plotted against centroid size for each subject. The correlations between PC-1 score and size, shown in Table 1 , are high indicating a significant allometric relationship of shape and size. There was no evidence of significant correlations between other PC scores and size, and so PC-1 provides a reasonable description of the allometry in each case. For subject A the change in size had ceased by 17 years of age, but change in shape continued and the resulting allometric plot is almost vertical at a centroid size of ~185mm. For subject B, the plot of PC-1 versus size shows considerably more scatter than for subject A and this is manifested in the lower correlation coefficient (0.88). For subject C, the plot of PC-1 versus size varies smoothly and indicates an approximately linear allometric relation over the size range. The geometric meaning of PC-1 for each subject is described in the previous section.
Discussion
The dense surface datasets recording the faces of these three individuals have had to be reduced to sets of 3D landmarks before the patterns of change in size and shape could be elucidated with statistical shape analytical techniques. 
Size versus age
The relationship of centroid size to age is simply studied since it involves neither GPA nor PCA. The results for each subject are different thus illustrating the variation in growth. Both subjects A and B plateau at the age of 18, whereas subject C appears to be still growing.
Shape versus age
The main criticism of geometric morphometrics is the arbitrariness of the choice of alignment procedure (Lele and Richtsmeier, 1991), but O'Higgins and Jones (1998) have demonstrated that, in practice, if the variation in shape variability is small, the choice of registration method is unimportant. Where the growth of individuals is being examined and PC-1 explains approximately 40 per cent of the total variance, it is reasonable to assume that the data are sufficiently concentrated for a registration-based procedure to be used. O'Higgins and Jones (1998) also demonstrated that for concentrated data the Procrustes residuals could be used as a very good approximation to the co-ordinates projected onto the tangent plane. For each subject the PCA has produced a single PC that correlates closely with age. The percentage variation explained is 40-50, which is somewhat lower than that found by O'Higgins and Jones (1998) for their allometric study of different monkey skulls. One might expect a higher percentage in the present subjects, since individual growth vectors are being studied and the random variation in the data should be less. This may be due to the difficulty in identifying soft tissue facial landmarks, which are generally less well defined than skeletal landmarks. In addition, facial expression will introduce some random variability in the soft tissues in the faces of living subjects. All the scans were taken in the relaxed position with the teeth together in order to minimize this random variation. It is likely that both factors have contributed to this random component, which would reduce the PC-1 percentage. The reproducibility study shows that the imprecision in landmark location is small compared with the shape changes due to facial growth as modelled by PC-1.
The subjects have growth trajectories that share major similarities and have significant differences illustrating how the variation in shape with age differs between individuals. The major similarities, in the upper face are the medial movement of both canthii, especially the outer canthii, and in the midface the forward and downward movement of the tip of the nose. The face thus becomes narrower and the nose relatively larger in each case. The differences in the lower face in shape change with age are apparent. In subject A, there is little change in the mouth and jaw, whilst subject C shows distinct changes and those changes in subject B are intermediary. Thus, while the same shape change pattern continues in the upper face, different patterns are followed in the lower face, demonstrating the power of geometric morphometrics to reveal subtle differences.
For subjects A and B the continuation of change in shape after the change in size has resulted in an interesting finding. Behrents (1984) has shown that some adults, over a period of 40 years, continue to grow at a very slow rate, but the cumulative effect can be as much as 10 mm. However, the data in this study only extends to 21 years and this small incremental growth is not seen. The comparison of the temporal patterns of shape illustrates how subtle information about facial change can be obtained by this method. This could have important implications for the comparison of normal and pathological facial development, and the understanding of facial development after trauma or surgery.
The visualization of the descriptions of shape change due to growth does not involve registration, since it simply consists of displacing the Procrustes mean configuration to reflect movement along PC-1. This description can be also statistically analysed to reveal the subtle variability of facial shape change.
Shape versus size
All three plots of PC-1 versus size could be interpreted as linear allometric relations of shape and size. However, since the ages are known, the relationship of shape to size can be examined as a consequence of that of shape to age and of age to size.
For subject A, the Pearson correlation coefficient of 0.95 gives no indication that, at greater ages, the size is constant, while the shape is still changing. This is seen in the shape versus size plot as an apparent spread of points of greater size. This spread is therefore not due to imprecise data, but the smooth variations of both shape and size with age.
For subject B, the plot of size versus age shows considerably more spread than for subject A, and this is manifested in the scatter in the PC-1 versus size plot and also in the lower correlation coefficient (0.88). This spread, which may be reflected in the lowest percentage explained by PC-1 of the three subjects, means that, although an allometric relationship is clear, fine structure is harder to distinguish. The PC-1 versus age plot, by contrast, varies smoothly indicating that the PCA has been able to distinguish the smooth change in shape with age.
For subject C, the plots of PC-1 versus age and size, and of size versus age all vary smoothly and indicate an approximately linear allometric relationship over the size range.
